A PET scan was performed after two initial cycles of doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) and was labeled PET2. PET2-negative patients (Deauville score 1 to 3) received an additional four cycles of ABVD, whereas PET2-positive patients (Deauville score 4 to 5) were switched to escalated bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone (eBEACOPP) for six cycles. Among 336 eligible and evaluable patients, the median age was 32 years (range, 18 to 60 years), with 52% stage III, 48% stage IV, 49% International Prognostic Score 0 to 2, and 51% score 3 to 7.
Four US National Clinical Trials Network components (Southwest Oncology Group, Cancer and Leukemia Group B/Alliance, Eastern Cooperative Oncology Group, and the AIDS Malignancy Consortium) conducted a phase II Intergroup clinical trial that used early interim fluorodeoxyglucose positron emission tomography (FDG-PET) imaging to determine the utility of response-adapted therapy for stage III to IV classic Hodgkin lymphoma.
Patients and Methods
The Southwest Oncology Group S0816 (Fludeoxyglucose F 18-PET/CT Imaging and Combination Chemotherapy With or Without Additional Chemotherapy and G-CSF in Treating Patients With Stage III or Stage IV Hodgkin Lymphoma) trial enrolled 358 HIV-negative patients between July 1, 2009, and December 2, 2012 . A PET scan was performed after two initial cycles of doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) and was labeled PET2. PET2-negative patients (Deauville score 1 to 3) received an additional four cycles of ABVD, whereas PET2-positive patients (Deauville score 4 to 5) were switched to escalated bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone (eBEACOPP) for six cycles. Among 336 eligible and evaluable patients, the median age was 32 years (range, 18 to 60 years), with 52% stage III, 48% stage IV, 49% International Prognostic Score 0 to 2, and 51% score 3 to 7.
Results
Three hundred thirty-six of the enrolled patients were evaluable. Central review of the interim PET2 scan was performed in 331 evaluable patients, with 271 (82%) PET2-negative and 60 (18%) PET2positive. Of 60 eligible PET2-positive patients, 49 switched to eBEACOPP as planned and 11 declined. With a median follow-up of 39.7 months, the Kaplan-Meier estimate for 2-year overall survival was 98% (95% CI, 95% to 99%), and the 2-year estimate for progression-free survival (PFS) was 79% (95% CI, 74% to 83%). The 2-year estimate for PFS in the subset of patients who were PET2-positive after two cycles of ABVD was 64% (95% CI, 50% to 75%). Both nonhematologic and hematologic toxicities were greater in the eBEACOPP arm than in the continued ABVD arm.
Conclusion
Response-adapted therapy based on interim PET imaging after two cycles of ABVD seems promising with a 2-year PFS of 64% for PET2-positive patients, which is much higher than the expected 2-year PFS of 15% to 30%.
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INTRODUCTION
One of the great medical triumphs of the last century has been improvement in the survival of patients with advanced-stage classic Hodgkin lymphoma (HL) as a result of improved diagnosis, staging, and therapy. 1 For almost two decades, the doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) regimen has been the standard chemotherapy in the United States, with an expected cure rate of approximately 70% for patients with stage III to IV disease. 2, 3 Studies from the German Hodgkin Study Group suggest that an intensified regimen of bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisone (escalated-dose BEACOPP [eBEACOPP]) may cure more patients 4 but is more toxic and causes infertility in most recipients. 5 Many physicians believe that it is desirable to avoid the toxicities of overtreatment for the 70% of patients who are cured with ABVD; however, it is also desirable to improve the cure rate. Positron emission tomography (PET) scans showing persistent fluorodeoxyglucose (FDG) uptake after two cycles of ABVD (PET2-positive) seems highly predictive of treatment failure with ABVD. [6] [7] [8] [9] Only 15% to 45% of PET2-positive patients achieve long-term progression-free survival (PFS) if they continue on treatment with ABVD. 10 Therefore, the four major US National Clinical Trials Network components (Southwest Oncology Group [SWOG], Cancer and Leukemia Group B [CALGB]/ Alliance, Eastern Cooperative Oncology Group, and the AIDS Malignancy Consortium) decided to assess the use of interim FDG-PET for intensifying chemotherapy in PET2-positive patients unlikely to be cured with continued ABVD. The two coprimary objectives were to (1) improve the 2-year PFS of patients with stage III to IV disease from the expected survival of 70% with ABVD to 78% with responseadapted therapy and (2) improve the 2-year PFS of PET2-positive patients with stage III to IV disease from the historical survival rate of 15% to 30% (if continued on ABVD) to at least 48% with responseadapted therapy. Secondary objectives included estimating the response and overall survival (OS) rates and evaluating toxicities. The trial was approved by applicable institutional review boards, and informed consent was obtained from all participants.
PATIENTS AND METHODS

Study Design
Eligible patients with stages III or IV classic HL were initially treated with two cycles of ABVD followed by interim PET/computed tomography (CT) imaging. PET2-negative patients received an additional four cycles of ABVD, and PET2-positive patients were switched to eBEACOPP for six cycles (Fig 1) .
Eligibility
Patients age 18 to 60 years were eligible if they had measurable stage III to IV HL as documented by excisional or core needle biopsy, no prior therapy for lymphoma, a Zubrod performance status of 0 to 2, and no other serious medical ailments. Full inclusion and exclusion criteria are listed in the Data Supplement. A second registration was performed after interim PET/CT scans were submitted for centralized review to the CALGB Imaging Core Laboratory (CALGB ICL) after the first two cycles of ABVD.
Patient Evaluation and Follow-Up Testing
Patients were required to have a baseline history, physical examination, and laboratory testing. Marrow biopsies were performed at baseline and again after completion of therapy (day 197) if they were initially positive. Physical examination and laboratory tests were repeated with each cycle on days 197, 276, and 365, and then every 6 months or whenever symptoms or signs of relapse occurred.
Imaging Studies
Combined PET/CT imaging was performed at baseline, after two cycles of ABVD (PET2), and 6 to 8 weeks after the end of therapy. Each scan was transmitted electronically in Digital Imaging and Communications in Medicine format to the CALGB ICL for real-time, centralized review (see Data Supplement for details of image acquisition and central review). Briefly, all scans underwent central review using the 5-point Deauville scale. Scans given Deauville scores 1 to 3 were considered PET2-negative, and scans given Deauville scores 4 to 5 were considered PET2-positive. Contrast enhanced, diagnostic quality CT scans were performed at baseline, at the time of interim PET/CT, 6 to 8 weeks after the last cycle, every 6 months in year 2, annually in years 3 to 5, and whenever relapse was suspected.
Chemotherapy
ABVD was administered at standard doses on days 1 and 15 with cycles repeated once every 28 days. Investigators were advised to administer full doses on time without growth factor support, regardless of blood counts, unless fever or infection occurred. 11, 12 The eBEACOPP regimen was administered as defined by the German Hodgkin Study Group (Data Supplement). 4 The relative dose delivered of each planned drug was calculated for all patients according to the formula:
The total actual dose for each agent was counted as 0 for patients who did not register for step 2 or withdrew. No radiotherapy was administered.
Outcome Assessment
Objective disease response status was recorded at each evaluation time point according to the 2007 Cheson criteria 13 (Data Supplement). PFS was measured from the date of registration to the first observation of progressive disease, relapse, or death. Patients last known to be alive and progression free were censored at date of last contact. OS was measured from the date of registration to the date of death.
Statistical Analysis
The two coprimary objectives of this study were to (1) estimate the 2-year PFS rate in patients with advanced-stage HL who were treated with responseadapted therapy and (2) estimate the 2-year PFS rate in PET2-positive patients who were subsequently treated with eBEACOPP. The goal was to enroll 60 eligible patients in the PET2-positive subgroup. To estimate the 2-year PFS rate to within 6%, 278 eligible HIV-negative patients were judged to be a sufficient number assuming an FDG-PET-positive rate of 22%. With 60 patients in the PET2-positive group, the 2-year PFS rate could be estimated in this subgroup to within 13%. With 278 total patients, the overall rates of response, toxicity, and PET positivity could be estimated to within 6%.
Any toxicity occurring with at least 5% probability was likely to be seen at least once (. 99% chance). Details are given in the Data Supplement. Ultimately, 371 patients were enrolled to achieve the PET-positive accrual goal with the lower observed PET2-positive rate of 18%. PFS and OS estimates (with 95% CIs) were calculated by using the Kaplan-Meier method. 14 The two-sided Fisher's exact test was used to compare toxicity rates between treatment arms. All analyses presented here focus on HIVnegative patients. Data regarding the HIV-positive cohort will be reported separately. Data as of September 22, 2015, were included in the analysis.
RESULTS
Accrual
Three hundred seventy-one patients were enrolled (21 ineligible and two not evaluable) between September 2010 and December 2012, including 358 HIV-negative patients ( Table 1) . Of those 358 patients, 336 were considered eligible and evaluable after www.jco.org centralized pathology review (including 308 with definite clinical HL and 28 most consistent with clinical HL). Two initial cycles of ABVD were completed as planned in 332 patients. After two cycles of ABVD, 331 patients underwent centralized PET2 review (Fig 1) .
Centralized FDG-PET/CT Review
Baseline, interim (PET2), and end-of-treatment scans were analyzed by a panel of experts through the CALGB ICL. PET2 scans were submitted for centralized review for 331 active patients. The central PET2 review was completed in less than 2 days in 78% of patients and in less than 4 days in 95% of patients (Data Supplement). Of 331 eligible and evaluable patients, 271 (82%) were PET2-negative and 270 received four more cycles of ABVD as planned. The other 60 patients (18%) were PET2-positive; 55 registered for the second part of the study, but six declined because they were reluctant to receive eBEACOPP. Of the 55 PET2-positive eligible patients who registered, only 49 actually received eBEA-COPP; three others received ABVD, and another three declined any protocol treatment.
Outcomes of Therapy
Of 325 patients treated with two cycles of ABVD followed by response-adapted therapy, 96% of patients on the ABVD arm achieved a complete remission (CR; Data Supplement), whereas 4% were designated partial responders despite a PET2-negative scan because they did not submit to follow-up marrow biopsies. In the ABVD → eBEACOPP arm, 55% achieved CR, 38% partial response, 5% stable disease, and 2% unknown response (as a result of inadequate data submission). The OS and PFS of the entire cohort of 336 evaluable patients with a median follow-up of 3.3 years are shown in Figure 2 . The estimated 2-year OS was 98% with 17 deaths, including six as a result of HL, two as a result of bleomycin toxicity, and one each as a result of sepsis, cervical adenocarcinoma, anaplastic large-cell lymphoma, brain mass, or graft vs host disease; four patients had unknown cause of death. The estimated 2-year PFS was 79% (95% CI, 74% to 83%), surpassing the target of 78% prespecified as a success in the protocol. The PFS by allocation to treatment arm, analyzed on an intent-to-treat basis, is shown in Figure 3 . The 2-year estimate of PFS for 271 PET2-negative patients was 82% (95% CI, 77% to 86%) with 58 patients experiencing treatment failure. The 2-year estimate of PFS for the 60 PET2-positive patients was 64% (95% CI, 50% to 75%) with 20 patients experiencing treatment failure, which exceeded the desired target of 48% prespecified as the protocol goal. Five patients did not have a PET2 assessment and are not included in the PFS curves in Figure 3 rates for compliant patients (270 PET2-negative v 49 PET2positive) are comparable to those in the intent-to-treat analysis. Two of the 20 relapses in 60 PET2-positive patients occurred in the 11 patients who did not receive eBEACOPP. Among 271 PET2negative patients, 60 patients (22%) had an International Prognostic Score (IPS) of 4 to 7, whereas 28 (47%) of 60 PET2-positive patients had an IPS of 4 to 7. PET2 status is significantly associated with PFS. The risk of disease progression for PET2-positive patients is 1.7 times the risk for PET2-negative patients (twosided P =.0442). The risk of disease progression for International Prognostic Index high-risk patients (IPS score 4 to 7) is 1.35 times the risk for International Prognostic Index low-risk patients (IPS score 0 to 3). However, the association is not statistically significant (two-sided P = .2191). Figure 4 depicts the 2-year PFS estimates for 331 evaluable patients stratified by Deauville score, which supports our decision to consider Deauville score 1 to 3 scans as negative and Deauville score 4 to 5 scans as positive. The outcome of the HIVpositive cohort will be reported separately.
Relative Dose Delivery
The doses of drugs delivered to patients closely adhered to the planned doses for most patients. For the first two cycles of ABVD, 98.4% to 99.4% of the planned doses of drugs were administered to 336 HIV-negative patients (Data Supplement). Dose delivery was slightly lower for cycles 3 to 6 of ABVD delivered to 271 PET2negative patients with 93.4% to 96.1% of planned doses of doxorubicin, vinblastine, and dacarbazine delivered, but only 86.6% 6 24.1% of the planned bleomycin dose delivered because of pulmonary toxicities (Data Supplement). Compliance was worse for the 60 PET2-positive patients intended to receive eBEACOPP, with delivery of only 72.1% to 82.3% of planned doses of drugs (Data Supplement). These figures were significantly impacted by noncompliance with this intense regimen: 11 PET-positive patients refused to receive eBEACOPP, and the dose delivered for each agent was counted as 0 for these patients. If only patients who actually received at least one cycle of eBEACOPP are included, the dose delivery for this regimen varied from 84.0% (for bleomycin) to 95.0% (for doxorubicin) of planned doses.
Toxicity
Significant toxicities experienced by eligible HIV-negative patients are provided in the Data Supplement. As expected, eBEACOPP was much more toxic than ABVD (85.7% v 36.7% grade 4 to 5 toxicities. P , .001). There were three treatmentrelated deaths that included one (0.4%) of 270 evaluable HIV-negative patients on ABVD and two (4%) of 49 on the eBEACOPP arm (P = .06). Six (1.4%) of the 336 eligible patients developed secondary malignancies (two non-HLs, two kidney cancers, one melanoma, and one skin cancer), including three (1%) of 270 patients who received ABVD and three (6.1%) of 49 who received at least one cycle of eBEACOPP (P = .0487).
Patterns of Relapse
With a median follow-up of 3.3 years, 74 relapses were documented among 336 patients. Twenty (32%) of the evaluable 62 relapses occurred only at sites of disease identified at initial presentation, 33 relapses (53%) occurred only at new sites, and four relapses (6%) occurred at both old and new sites. (Data were unavailable for 9% of relapsed patients.) The median baseline size of lesions that recurred at sites of previous involvement was 3.5 cm; only 24% of lesions with measurements available that recurred at previous sites were . 5 cm and only two (9.5%) were . 10 cm at initial presentation.
DISCUSSION
As recently as 1950, HL was incurable, but today approximately 70% of patients with stage III to IV HL are cured with ABVD. 3 eBEACOPP seems to be more effective, with approximately 90% failure-free survival (FFS) reported in the HD15 trial, 15 but it is considerably more toxic. 4, 16 Our goal was to reserve eBEACOPP for patients at greatest risk of recurrence after ABVD. Determining the risk of treatment failure at diagnosis in advanced-stage HL has been challenging. The IPS is of limited utility, because only 19% of patients with HL fall into the poor-prognosis group (IPS 4 to 7), 17 although a preliminary publication on a newer scoring system may provide refined clinical risk estimation for patients treated in the modern era. 18 More recently, infiltration of HL tumors with macrophages (detected by immunohistochemical staining for CD68) has been associated with poor outcomes. 19 Genomic approaches have also been proposed; for example, a 23-gene expression signature demonstrated major prognostic power in patients with HL treated with ABVD. 20 These findings await further clinical validation and, for now, the most promising approach for identifying patients with poor-risk HL seems to be interim FDG-PET/CT. [6] [7] [8] [9] [21] [22] [23] [24] Although at least seven phase II and III cooperative group studies are currently underway testing this approach in advanced-stage HL (Data Supplement), to the best of our knowledge, ours is the first large, multicenter, prospective study to publish detailed findings. Our results suggest that interim PET/CT is of prognostic value and can also predict patients with a higher likelihood of achieving durable CR by switching to a more intense regimen. The results of our study are consistent with a retrospective series in which patients with advanced-stage HL who were PET2-positive and were switched to eBEACOPP 23 achieved a 2-year PFS of 65%. Furthermore, preliminary results of the similar RATHL (Response-Adjusted Therapy for Hodgkin Lymphoma) study presented as an abstract provide similar findings. 25 In this trial, patients with high-risk stage II or stage III to IV HL were treated with two cycles of ABVD followed by interim PET/CT. PET2-negative patients continued ABVD, and PET2-positive patients were switched to eBEACOPP or BEACOPP14 (intensified treatment given every 14 days). The 3-year OS of the entire group (which included 41% patients with advanced-stage II) was 95% and the PFS was 82.5%. 25 PFS in the 16% of patients who were PET2-positive and were switched to eBEACOPP was 70%. The value of interim PET2 response-adapted therapy has already been assessed in patients with stage I to II HL in attempts to eliminate consolidative radiotherapy, but conflicting conclusions were reached in the two published studies. A European Organisation for Research and Treatment of Cancer study 26 was stopped early by an independent data monitoring committee because of inferior PFS in the PET response-adapted group. 26 Preliminary results for the PET2-positive patients suggest a benefit for escalation of therapy compared with continued ABVD. 27 Investigators of the RAPID (Randomized Phase III Trial to Determine the Role of FDG-PET Imaging in Clinical Stage IA/IIA Hodgkins Disease) study concluded that the inferior PFS in the group receiving chemotherapy alone was acceptable because their OS was not different, and late complications associated with radiotherapy were avoided. 28 Our results suggest an improvement in PFS for PET2-positive stage III to IV patients switched to eBEACOPP compared with the historical experience with continued ABVD in PET2-positive patients. 6, 8 The PFS of the entire cohort of patients with stage III to IV HL exceeded the prespecified goal of $ 78% stated in the protocol, suggesting that the strategy of using eBEACOPP for patients with a Deauville score of 4 or 5 on interim FDG-PET/CT after two cycles of ABVD improves outcomes in the overall group. Furthermore, the 64% 2-year estimate for PFS for the PET2positive patients is far superior to the 15% to 30% 2-year PFS reported in the literature, and it surpasses the 48% 2-year PFS threshold set as a goal in this trial. When comparing the results of this study with those of previous reports, it is vital to recognize that enrollment in this trial was restricted to patients with stage III to IV disease.
In contrast, most comparator studies included patients with unfavorable early-stage disease. For example, the last US Intergroup study E2496 (Combination Chemotherapy With or Without Radiation Therapy in Treating Patients With Hodgkin's Lymphoma) included 281 (35%) of 794 patients with unfavorable stage I to II disease. 3 These early-stage patients, although their disease was considered unfavorable, fared much better (approximately 85% 5-year FFS) compared with the stage III to IV patients, who experienced approximately 65% 5-year FFS. 3 Therefore, the lower FFS of 65% reported for only stage III to IV patients should be used as the comparator for this study. Similar considerations apply for other studies, as shown in the Data Supplement. 4, 16 The relative dose of ABVD delivered in this study was outstanding (98% to 99% in cycles 1 to 2 and 87% to 96% in cycles 3 to 6), demonstrating that administration of full doses on time without growth factor support was safe and feasible, even though neutrophil counts were often low on the day of treatment. Only a single death occurred in the 270 patients enrolled on the protocol, and rates of serious infection were low (one patient with grade 3 pneumonia, 18 patients [6%] with febrile neutropenia). Only bleomycin was administered at significantly lower doses than planned (86.6% 6 24.1%) because of pulmonary toxicities. In contrast, the relative dose of eBEACOPP delivered was poor (72% to 82% of planned dosages delivered) by comparison. Nevertheless, outcomes of the overall PET2-positive group were excellent, suggesting that even better results might be achieved in the future if compliance is improved.
The role of consolidative radiotherapy in advanced-stage HL is controversial. Radiotherapy was not permitted in this trial; however, analysis of the patterns of relapse suggest that omission of radiotherapy contributed little to relapses, because only 32% of progressions occurred at sites of previous involvement, and only two relapses occurred at sites of previous bulk (. 10 cm) where consolidative radiotherapy would be expected to confer the most benefit.
Although the results of SWOG S0816 argue strongly for a response-adapted approach for advanced-stage HL using early interim FDG-PET/CT, it must be acknowledged that the outcomes are being compared with historical figures with their inherent limitations.
Longer follow-up is essential for confirming that the reported findings will stand the test of time. The results of ongoing, randomized, phase III trials testing this hypothesis are needed. Finally, some treatment failures were observed, even in PET2negative patients, which indicates that interim PET is not a perfect test. We hope that in the future, molecular biomarker studies at initial diagnosis, or the combination of biomarkers and molecular imaging may define patients who require more intense therapy with eBEACOPP or other novel targeted drugs with greater www.jco.org accuracy than are achievable with current technology. 20 Until that time, our results suggest that the response-adapted strategy of increasing treatment to eBEACOPP in PET2-positive patients is a reasonable option for advanced-stage HL therapy.
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